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Abstract

This study describes the ability of the coupled ECHAM4/OPYC3 atmosphere-ocean
model, to represent the Madden-Julian oscillation (MJO). The ECMWF Reanalysis, ra-
diosonde measurements at Singapore airport and NOAA satellite observations are used

as reference.

We have analyzed 25 years of daily data of the coupled model. The Principal Oscillation
Pattern analysis shows that the model is capable of simulating the MJO although it moves
too fast and occurs too far eastward. The interannual variability of the simulated MJO
is weaker than in observations and it reaches its maximum amplitude too late in the year
in spring and summer instead of winter and spring as in the observations. Increasing the
horizontal and vertical resolution of the atmospheric GCM seems to be an important step

towards a better representation of the MJO.

We have also investigated selected events to examine the onset of the MJO. We suggest
that the frictional wave-CISK theory plays the main role in the onset of the MJO. SST
changes between 0.1 and 0.5K are associated with the passage of the MJO. It is also shown
that the Westerly Wind Bursts are a result of the low-level convergence that follows the
passage of the MJO.






1 Introduction

One of the most important phenomenons in the tropics on intraseasonal timescales is the
Madden-Julian oscillation (MJO, Madden and Julian, 1971, 1972, 1994). It is an eastward
propagating wave number one signal described by two zonal circulation cells. The original
period of the MJO was thought to be 40-50 days, but numerous studies have broadened
the period to cover a range of 30-60 days (e.g. Knutson and Weickmann, 1987). Therefore

it is also known as the 30-60 day oscillation or intraseasonal oscillation.

The signal in the equatorial zonal wind is present throughout the entire tropical belt
in the upper troposphere. Correct representation in the weather forecast models would
lead to improved forecast skill also on shorter timescales (Lau and Chang, 1992; Waliser
et al., 1999; Hendon et al., 2000). In the lower troposphere the MJO is confined to the
Indian and western Pacific Ocean (e.g. Madden and Julian, 1972) where a maximum
of variability in convection and large-scale circulation is found. Updrafts associated with
deep convection in this region of warm SST are supposed to be the cause of the onset of the
MJO. The resulting eastward propagation of super cloud clusters is forced by equatorial
Kelvin wave propagation, with its structure modified by an associated forced Rossby wave
in the eastern hemisphere that leads single cloud clusters to propagate westward within
the super cloud cluster (e.g. Lau et al., 1989). The Kelvin wave propagates around the
globe. Moisture supply from the Indian Ocean and the West Pacific warm pool reduces
its propagation speed in this region (Wang, 1988; Jones and Weare, 1996; Wang and Xie,
1998).

Observational studies indicate that equatorial disturbances strongly favor the October
through May period, specifically from December onwards (e.g. Wang and Rui, 1990b;
Salby and Hendon, 1994). They exhibit strong variance over the Indian Ocean and south-
east Asia but no pronounced eastward propagation along the equator during boreal sum-
mer (e.g. Rui and Wang, 1990). The dynamics of the MJO are strongly controlled by
the dynamic effect of the equator through the change of algebraic sign of the planetary
vorticity and by the thermodynamic effect of the thermal equator where SST is maxi-
mum. When the maximum SST moves away from the equator in the western Pacific, a
situation similar to that of boreal summer, the growth rate of the unstable coupled mode
decreases significantly (Wang and Rui, 1990a,b). The movement of the ITCZ, which is
quite symmetric around the equator in that region (Philander et al., 1996) is strongly
related to the SST. It leads to enhanced convection during the equinoxes. The MJO is
most active during this period (Salby et al., 1994). Even aquaplanet-models represent an
MJO-type oscillation (e.g. Hayashi and Sumi, 1986; Swinbank et al., 1988; Flatau et al.,
1997).



Hence the MJO occurs in the monsoon region, its eastward propagation is affected by
the planetary monsoon and the related Hadley circulation. Wang and Rui (1990b) de-
scribe the northward propagating clouds of the Indian summer monsoon and the eastward
propagating MJO mode as independent from each other but during the transition from
monsoon type circulation to MJO type circulation they define the interaction as an EN
(east-north) mode. The onset of the Australian summer monsoon is defined as the first
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occurrence of 850hPa westerlies with a speed of at least 5 m s and a rainfall rate of

Uin Darwin and this is strongly associated with the convective phase

at least 5 mm day~
within the first MJO per season that reaches northern Australia (Hendon and Liebmann,

1990a,b).

The origin of the propagation of the MJO has been a subject of many studies (e.g.
Knutson and Weickmann, 1987; Lau and Peng, 1987; Wang and Rui, 1990a) that are
briefly reviewed by Madden and Julian (1994). The three main theories of theses studies
are the frictional wave-CISK (e.g. Lindzen, 1974; Wang, 1988; Salby et al., 1994), the
evaporation-wind feedback, also called wind-induced surface heat exchange (WISHE, e.g.
Neelin et al., 1987; Emanuel, 1987) and the air-sea interaction that takes diabatic heating,
entrainment cooling and thermocline variations in the ocean into account as reasons for
the wave propagation (e.g. Krishnamurti et al., 1988; Lau and Sui, 1997; Wang and Xie,
1998). These theories are reviewed in detail by Flatau et al. (1997).

Westerly Wind Bursts (WWB) seem to be a consequence of the MJO activity (e.g. Lau
et al., 1989; Nakazawa, 1999). They occur to the west of the enhanced low-level con-
vergence resulting from the onset of the MJO. To the east of this convergence enhanced
easterlies can be found. WWBs can significantly modify the structure of the thermocline
in the equatorial Pacific Ocean on the intraseasonal time scale (e.g. McPhaden and Taft,
1988; Kessler et al., 1995; Zhang, 1997) and by this they seem to play an important role
for the onset of an El Nino (Weickmann, 1991; Kessler et al., 1995; Nakazawa, 1999; van
Oldenborgh, 2000).

Many studies with atmospheric general circulation models (AGCM) have been undertaken
to analyze the MJO (e.g. Hayashi and Golder, 1993). Slingo et al. (1996) compared
the ability of 15 AGCMs to simulate the MJO. Gualdi et al. (1997) analyzed different
versions of the ECHAM AGCM. Since the MJO is a coupled air-sea phenomenon, the
necessity to study it with coupled atmosphere-ocean GCMs (CGCM) is evident (Waliser
et al., 1999). In this study, the capability of the CGCM ECHAM4/OPYC3 (Roeckner
et al., 1996; Bacher et al., 1998) to represent the MJO is investigated. Chapter 2 deals
with the characteristics of the MJO as obtained from the ECMWEF Reanalysis data and
observations. The representation of the MJO in the CGCM ECHAM4/0OPYC3 is depicted
in Chapter 3. These results are discussed in Chapters 4 and 5.



2 Observations

The MJO is analyzed with daily ECMWF reanalysis data at T106 horizontal resolution
and 31 vertical layers as well as pentad NOAA OLR data (Liebmann and Smith, 1996)
at 2.5°%2.5° horizontal resolution covering the period 1984 to 1988 and radiosonde obser-
vations from Singapore airport. 15-90 day bandpass filtered ECMWEF 200 hPa velocity
potential between 10°N and 10°S are used to perform a Principal Oscillation Pattern
(POP) analysis (Hasselmann, 1988; von Storch et al., 1988, 1995). The seasonal cycle of

the data was removed prior to POP analysis.

The explained variance of this oscillation amounts to 23.8%. Fig. 1 illustrates the squared
coherence spectrum of the POP coefficients of the leading POP mode (e.g. von Storch and
Zwiers, 1999). Only periods between 10 and 100 days are depicted, since periods outside
this domain are too much influenced by the bandpass filter. Highest coherence is found
at a period of 48 days. A secondary peak is detectable near the 20 days period, which
might be the mode described by Hayashi and Golder (1993). At both peaks the relative
phase of the complex POP coefficient appears to be around -90°(not shown), indicating
that the imaginary part leads the real part, as theoretically expected (Gallagher et al.,
1991; von Storch and Zwiers, 1999). This mode has an e-folding time of 56 days.
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Figure 1: Squared coherence spectrum of the POP coefficients of the leading POP mode.

Following von Storch et al. (1988) and Gualdi et al. (1997), the dominant complex POP
coefficients are used to obtain eight composites of 45° segments. FEach of them represents

a different phase of the oscillation. Only values with an amplitude larger than the mean



amplitude plus 0.8 times the standard deviation are considered. The running mean over
a H-day window where the two adjacent dates of each value are taken into account is used

to accentuate the mean state of each segment.

For each of the eight phases Figs. 2 and 3 show the unfiltered 200 hPa velocity potential
anomaly as contour lines (with negative values dashed) and the NOAA OLR anomaly
in Fig. 2 and the reanalysis OLR anomaly in Fig. 3, respectively. Strong negative OLR
anomalies are shaded indicating deep convection. The variance of OLR anomaly is slightly
weaker in the reanalysis than in the satellite data, but the MJO pattern is well represented
in both datasets. The panels represent a kind of pseudo-Hovmoller diagram with time

running from top to bottom.

The leading POP mode resembles the oscillation described by Madden and Julian (1971)
and other authors. The onset, growing, eastward propagation and decay of the OLR
anomaly is consistent with those presented in Fig. 16 of Madden and Julian (1972). Also
the velocity potential anomaly representing large-scale convergence shows slow propaga-
tion in phase with the OLR anomaly during the convective regime and faster propagation
during the dry regime. A secondary maximum of convection and large-scale divergence

occurs over eastern tropical South America (panel seven).

For further analysis of the MJO it is important to find an index that describes the activity
of the MJO. Many indices have been discussed before, e.g. the power spectrum of east-
ward propagating OLR waves with wavenumbers 1 to 3 described by Salby and Hendon
(1994), the variance within a 100-day moving window of 200 hPa zonal mean zonal wind
established by Slingo et al. (1996, 1999) and the 100-day running mean of the squared
amplitude of the POP coefficients (Gualdi et al., 1999). These indices are very useful in
representing the interannual variability in the activity of the MJO, but for our study an

index that describes each single oscillation is needed.

An EOF analysis of the 15-90 day bandpass filtered 200 hPa velocity potential anomaly
between 10°N and 10°S is performed. The first EOF represents the maximum activity
of the MJO with negative velocity potential anomaly over the eastern Indian Ocean and
the western Pacific (Fig. 4). It explains 37.0% of the total variance. Fig. 5 shows the
corresponding first principal component (PC1). Please note, that the leading EOF mode
cannot be regarded as an index of the full MJO activity, since one EOF cannot describe

the propagating features.

The syntheses of the individual MJO events are somewhat complicated because of the
great diversity of the phenomenon (Wang and Rui, 1990b), e.g. the propagation speed
differs from event to event. Averaging over many MJO events might lead to deficient evi-

dences when local disturbances are compared that might belong to different MJO events.
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Figure 2: Pseudo-Hovmoller diagrams of NOAA OLR anomaly [W m 2] and reanalysis 200 hPa,
velocity potential anomaly [107 m%s~!]. Negative OLR anomaly (shaded) indicates deep convec-
tion and negative velocity potential anomaly (dotted) indicates large-scale divergence. Arrows
on the left and the scale on the right point out the time step between the panels as derived by
the POP analysis.
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For this reason a case study with only one MJO event seems to be more appropriate.
The maximum of PC1 occurs at the 23rd of March 1988 and the corresponding MJO is
taken for the case study. This is consistent with the studies by Salby and Hendon (1994),
Slingo et al. (1999) and Gualdi et al. (1999), who also detected strong MJO activity dur-
ing spring 1988. The MJO event considered here is a well known event, also analyzed by
Matthews et al. (1996) investigating the interaction of the SPCZ and MJO.
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Figure 4: ECMWF first EOF of 200 hPa velocity potential anomaly in the equatorial region.

Contour interval is 0.005, negative values are dashed and the pattern explains 37.0% of the total

variance.
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Figure 5: ECMWF PC1 which is used as an index of the activity of the MJO. X marks the
maximum at the 23rd of March 1988 as an identifier for a typical MJO. A high value of the PC1
describes a strong MJO activity (Slingo et al., 1999).



The EOF index reflects the interannual variability very well compared to the Tygg-variance
index (Fig. 6) by Slingo et al. (1999) and the POP-coefficient index (Fig. 7) by Gualdi
et al. (1999). The winters 1985, 1986 and 1988 exhibit strong MJO activity, whereas
during the winters of 1984 and 1987 it was considerably weaker. The weak MJO activity
during 1984 might be related to the easterly phase of the QBO (not shown). Westward
propagating cloud clusters dominate over the eastward propagating super cloud clusters.
The uncommon westward propagation was likewise observed by Wang and Rui (1990b).
Salby and Hendon (1994) also found MJO activity in 1987, which is shifted slightly to
the north.
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Figure 6: ECMWF tuggg-variance averaged between 10°N and 10°S within a 100-day moving

window, an index for the interannual variability of the MJO activity.

The weak MJO activity during 1987 is related to weak convective activity over the Indian
Ocean due to the El Nifio occuring at that time, as suggested by Gualdi et al. (1999).
Strong MJO activity occurs prior to the La Nina in 1988, as indicated by the NINO3
SSTA (Fig. 8). The two vertical lines mark 20 days before and 40 days after the MJO
event, respectively. The MJO activity is strongest at the time of steepest NINO3 SSTA
decrease. The teleconnections associated with the 1988 La Nina and the westward shift
of the west Pacific warm pool due to a downwelling Rossby wave is described by Picaut
and Delcroix (1995).

The equatorial SST is at a maximum in northern spring when the trade winds are relaxed
(Philander, 1990). The corresponding increase in tropical convection leads to the strong

MJO activity in the Indian Ocean. During the mature phase of La Nina during northern
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Figure 8: Monthly mean NINO3 SSTAs [K] and the PC1 maximum (20 days before and 40

days after the maximum, indicated by the two vertical lines).
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summer after the onset of the monsoon, the ITCZ is shifted north of the equator (Fig. 9).
Wang and Rui (1990a) showed that the growth rate of equatorial Kelvin waves decreases
substantially, when the SST maximum shifts northward to 7.5° N. At that time the deep
convection occurs too far north of the equator and therefore the MJO activity decreases
(Salby et al., 1994).
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Figure 9: Time-latitude Hovmoller diagram of NOAA OLR [W m 2] over the West Pacific

warm pool averaged between 120°E and 180°. Dark shading indicates deep convection.

The MJO is best observed in the zonal wind field. According to numerical experiments
by Lau et al. (1989) and observational studies by Rui and Wang (1990) and Jones and
Weare (1996) upper tropospheric easterlies increase during the passage of the convection
anomaly and lower troposphere westerlies have a maximum slightly after the passage,
although the low-level convergence leads the convective anomaly in the mature phase of
the MJO, which is consistent with the influence of the equatorial Rosshy wave (Matsuno,
1966; Wheeler et al., 2000). A comparison of reanalysis data to zonal wind observations
from Changi airport at 1°22’N and 103°59’E in Singapore shows that the passage of the
MJO is represented in both datasets (Fig. 10). The upper-level easterlies strongly increase
due to the convective updrafts. The lower-level zonal wind field contains the structure of
a typical WWB due to the resulting low-level convergence. A lag-correlation analysis for
the time series of the low-level zonal wind to that of the upper-level zonal wind yields a
lag of 3.5 days for the observations and 3.0 days for the reanalysis at a correlation of -0.66
and -0.74 respectively. This indicates that the characteristic propagation of the MJO is

well represented in the reanalysis data.
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Figure 10: Time series of zonal wind [m s~ !] in 200 hPa and 850 hPa: Observations from
Changi airport in Singapore and ECMWEF Reanalysis in the corresponding grid point.

Fig. 11 shows the zonal wind and the cloud cover fraction in an equatorial zonal cross
section on March 23rd 1988 (left) and also the cloud cover fraction as mean values of
the equatorial West Pacific (right) to demonstrate the trimodal distribution of convective
clouds within the Tropics as described by Johnson et al. (1999). The low- and mid-level
convective clouds moisten the atmosphere whereas deep convection dries the atmosphere
due to heavy rainfall and descending air between the convective plumes (Inness et al.,
2001). The pattern of the zonal wind resembles the one simulated by Lau et al. (1989)
in their Fig. 9c, although the WWB is not well developed on March 23rd 1988, yet.
The increased upper-tropospheric easterlies shuffle some cloud clusters to the west of the
super cloud cluster due to initiated Rossby waves (Lau et al., 1989). A consequence is an
increased solar insolation and increased SST to the east of the convection. The resulting
meridional moisture flux convergence leads to the eastward propagation of the super cloud
cluster, which is consistent to the wave-CISK and air-sea interaction theory (Flatau et al.,
1997).

In addition to the POP analysis and the general description of the detected MJO event,
longitude-time Hovmoller diagrams are used to analyze the onset and characteristics of
the MJO in time and space. The data of 20 days before and 40 days after the maximum
of PC1 are depicted meridionally averaged between 10°N and 10°S. Fig. 12 presents the
negative OLR anomalies for NOAA data and ECMWEF Reanalysis data, respectively.

The maximum of convection is indicated by minimum OLR. The NOAA data are coarser
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Figure 11: ECMWF cloud cover fraction at March 23rd 1988. Left: Zonal section of cloud
cover fraction averaged between 10°N and 10°S (shaded) and zonal wind [m s~ !] (contours).
Right: West Pacific region averaged between 10°N, 10°S, 120°E and 180°.

in time, because the daily data are interpolated from pentads. Nevertheless, the main
characteristics are still clearly visible. The super cloud cluster propagates eastward over
the Indian Ocean and the West Pacific between 60°E and 150°E during March 16th to
26th for the detected MJO event and during April 18th to May 1st for a subsequent
MJO event. The decay of convection for the detected MJO between 150°E and 180° takes
longer and has less eastward propagation in the reanalysis data than in the observations.
The weak convection anomalies at about 70°W and 0° over the South American and West

African rainforest, respectively, are standing in nature.

The local SST increases before the passage of the MJO convection center and decreases
after its passage, due to enhanced surface shortwave flux to the east of the convection
and enhanced latent heat flux coincident with the convection and to the west of it (Lau
and Sui, 1997; Waliser et al., 1999). High SST to the east of the convection increases
the meridional moisture flux convergence which activates the wave-CISK mechanism and

leads to the eastward propagation of the super cloud cluster.

To highlight the small-scale variations of SST, only the Indian Ocean and the West Pacific
regions are plotted in Fig. 13. The two panels depict the SST pattern 10 days before the
maximum MJO activity (13th of March 1988) and at the maximum of MJO activity
(23rd of March 1988). The SST decreases in the western and southern Indian Ocean

and it increases in the north-eastern Indian Ocean and the West Pacific warm pool, as
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indicated by the 29.5°C isotherm. The change of SST associated with the passage of
an MJO is in the range of 0.1 to 0.5 K, consistent with observations from TOGA/TAO
(Kessler et al., 1995; Jones et al., 1998).
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Figure 12: NOAA OLR anomaly (top) and ECMWF OLR anomaly (bottom) [W m 2] averaged
between 10°N and 10°S.
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Figure 13: ECMWF SST [°C] with corresponding land-sea mask at March 13th (top) and
March 23rd (bottom) 1988.

Fig. 14 describes the large-scale dynamics at 200 hPa and in the boundary layer. Shown
are velocity potential anomalies averaged between 10°N and 10°S. The maximum of
200 hPa large-scale divergence occurs during the maximum in convection (Fig. 12). The
maximum of lower-troposphere large-scale convergence lags the activity in the upper tro-
posphere in time but leads it in space, i.e. its maximum is shifted eastward, as observed
by e.g. Jones and Weare (1996). The increase occurs at first at 850 hPa, then at 925 hPa
and a few days later at 1000 hPa indicating that the wave-CISK mechanism is active in
the boundary layer. SST and velocity potential anomalies are in phase in the eastern
hemisphere and out of phase elsewhere, because the propagation speed of the MJO in-
creases in the eastern Pacific and the propagation of the changes in SST slows down and
vanishes near the date line.

Fig. 15 implies that the WWRBs between 60°E and 120°E occur slightly after the passage
of the MJO due to the low-level convergence, which is consistent with observations by
Nakazawa (1999).
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Figure 15: ECMWF 850 hPa zonal wind [m s~ !] averaged between 10°N and 10°S.
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3 Model Results

The AGCM ECHAM4 at T42 horizontal resolution has been coupled to the OGCM
OPYC3 (Roeckner et al., 1996; Bacher et al., 1998). Daily data of 25 CGCM-years
(251 to 275) are analyzed concerning the ability to simulate the MJO. The oscillation
period of the dominant POP mode is about 27 days (Fig 16) with an e-folding time of
more than 60 days. This wavenumber one oscillation describes 54.7% of the explained
variance which is considerably more than the variance explained by the corresponding

leading POP mode in the reanalysis data.
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Figure 16: ECHAM4/0OPCY3 squared coherence spectrum of the POP coefficients of the leading
POP mode.

Fig. 17 describes the result of the POP analysis, similar to that in the previous chapter.
The time step from one panel to the next is about 3.4 days. The model reproduces a more
distinct oscillation than that found in the observations. The onset, growing and eastward
propagation are simulated at the right time during the convective regime. However, a
gap of convection occurs over the maritime continent in panels one and two. The western
super cloud cluster forms a standing oscillation in the velocity potential anomaly over
the Indian Ocean indicated by the local minimum in phase one and two and the local
maximum in phase five, whereas a study by Zhang and Hendon (1997) indicates that the
observed MJO is not dominated by a standing oscillation. The super cloud cluster over
the West Pacific warm pool grows and propagates eastward. The eastward propagation,
however, occurs too far eastward, and the propagation of the super cloud cluster also fades

away too far eastward over the eastern Pacific. This splitting of the super cloud cluster
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Figure 17: As Fig. 2, but for ECHAM4/0OPCY3.
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seems to be due to the coarse horizontal resolution and the consequential broadening
of land points in this area. The secondary maximum of the amplitude over the South
American rainforest is stronger than in the observations, which is a systematic error in
the ECHAM4 model. The velocity potential anomaly is in all phases in phase with the
convection, so it is not possible to distinguish between a convective and a dry regime very

clearly. In all phases the two propagating cells have about the same sizes and propagation

speeds.

As in the reanalysis, the first EOF describes the onset of the dominant mode of the MJO
(Fig. 18). Its explained variance amounts to 35.6% and the pattern resembles the one
from the reanalysis data (Fig. 4). Fig 19 shows the corresponding time series of PC1. It is
confined to the years 270 to 274 for the sake of clarity. The absolute maximum occurs at
the 24th of March in the model year 274. The interannual variability of the MJO activity
is simulated reasonably well by the model (Figs. 20 and 21), but the main activity occurs

too late in the year in spring and summer instead of winter and spring as observed.
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Figure 18: ECHAM4/0OPYC3 first EOF of 200 hPa velocity potential anomaly in the equatorial

region. Contour interval is 0.01, negative values are dashed and the pattern explains 35.6% of

the total variance.
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Figure 19: ECHAM4/OPYC3 PC1 as an index of the activity of the MJO. X marks the
maximum at the 24th of March 274. This event is used in the case study.
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Figure 20: ECHAM4/0OPYC3 uggo-variance averaged between 10°N and 10°S within a 100-day

moving window, an index for the interannual variability of the MJO activity.
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Figure 21: ECHAM4/OPYC3 100-day running mean of the squared amplitude of the POP

coefficients, reflecting the interannual variability of the MJO activity.

The following paragraphs describe the MJO event in year 274 of the simulation. A
comparison of the model’s wind field to the observations from Singapore (Fig. 10) shows
that the MJO is not properly described in this respect. Fig. 22 shows the equatorial
zonal wind at 200 hPa and 850 hPa and at 80°E and 140°E. These longitudes include the
strongest variance of 200 hPa velocity potential and represent the centers of the two super
cloud clusters as presented in Fig. 17. The mean 200 hPa easterlies are less apparent in
the model, and the response of the lower tropospheric zonal wind is rather weak at the
end of March. Further, the time series of upper- and low-level zonal winds are not well

correlated.

Beneath the erroneous gap of convection over the maritime continent we find an underes-
timation of low- and mid-level clouds (Fig. 23) compared to the reanalysis (Fig. 11).
The mid-level convection scheme in the model represents the wave-CISK mechanism
(ECMWEF, 2000). The simulations by Lau et al. (1989) with prescribed heating showed
that maximum convective heating between 500 and 700 hPa is important for the correct
simulation of the wind field and the eastward propagation speed of the super cloud clus-
ter. The simulated convection in the ECHAM4/OPYC3 model occurs in higher levels
than in the observations and therefore cannot describe correctly the frictional wave-CISK
mechanism as described in Salby et al. (1994). Wang and Rui (1990a) and Salby et al.
(1994) suggest that frictional convergence at the equator in the planetary boundary layer

plays a key role in the amplification of the disturbance. Although it is not clear how

22



20 - B80E
15 |

10 |

Zonal Wind
|
(6]

-10 |
-15 |

-20 |

—— 200 hPa ECHAM4/OPYC3 |
—-— 850 hPa ECHAM4/OPYC3 |

Zonal Wind

30 |

o0 [ 140E —— 200 hPa ECHAM4/OPYC3 -
: —-— 850 hPa ECHAM4/OPYCS3 -

Mar 274 Apr

Figure 22: Time series of ECHAM4/OPYC3 equatorial zonal wind at 200 hPa (solid) and

850 hPa (dot dashed) and at 80°E (top) and 140°E (bottom).

These grid points have the

strongest variance of 200 hPa velocity potential and represent the centers of the two super cloud

clusters.
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significant the organization of convection in mesoscale rain bands is for the large-scale
flow, a parametrization of mid-level convection should ideally account for both convective
and mesoscale circulations. Such a parametrization, however, is presently not available
(ECMWE, 2000).
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Figure 23: Same as Fig. 11, but for ECHAM4/0OPYC3 data at March 24th 274.

Fig. 24 shows the time series of the model’s NINO3 SSTA and the occurrence of the strong
MJO event in the model. As in Fig. 8, the two vertical lines mark 20 days before and 40
days after the event, respectively. The simulated MJO occurs prior to a La Nina, at the

time of steepest NINO3 SSTA decrease, as in the reanalysis data.

Longitude-time Hovmoller diagrams of the simulated MJO are compared to the respective
diagrams of the satellite and reanalysis data. Fig. 25 depicts the OLR anomaly. TIts
variance is stronger than in the observations and the reanalysis data (Figs. 12), which is
due to the fact that tropical convection reaches higher levels in the model (Fig. 23). As
discussed above, the OLR anomaly is strongest and slows down too far east in the Central
Pacific.
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Figure 24: Comparison of NINO3 SSTA to the PC1 maximum with 20 days before and 40 days

after the maximum indicated by the two vertical lines.
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Figure 25: ECHAM4/OPYC3 OLR anomaly averaged between 10°N and 10°S.
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The change of SST (Fig. 26) due to the passage of an MJO is of the same order as in the
observations (Fig. 13). The cooling occurs at about 140°E and the warming takes place
between 160°E and the dateline. The simulated 29.5°C isotherm is too much confined to
the equator in the Indian Ocean and shifted too much northward north of Australia. The
warming in the Indian Ocean seems to be separated from the MJO event that occurs at
the West Pacific warm pool by the relative cold land area of the maritime continent which
is overrepresented in the coarse horizontal resolution of the model. A coupled model with
horizontal resolution of T106 might improve the representation of SST in the maritime

continent, but such a model experiment is not yet available.
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Figure 26: ECHAM4/OPYC3 SST [°C] with corresponding land-sea mask at March 14th (top)
and March 24th (bottom) of model year 274.

The 200 hPa velocity potential anomaly (Fig. 27) propagates slightly too fast compared to
the reanalysis data. It is temporally in phase with the 850 hPa velocity potential anomaly.
The 850 hPa large-scale convergence slightly leads the 200 hPa large-scale divergence

(eastward shift) spatially, which is consistent with the observations (e.g. Jones and Weare,
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1996). The 1000 hPa and 925 hPa positive anomalies lag the 850 hPa anomaly slightly in
time, which is consistent with the wave-CISK theory. The coupled model does simulate
WWBs (Fig. 28) that result from the passage of MJOs. Their amplitudes, however, are
relatively weak. The first WWB is stretched too far eastward as the low-level large-scale

convergence in Fig. 27.
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Figure 28: Same as Fig 15, but for ECHAM4/0OPYCS3.
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4 Discussion of the results

The present study describes the capability of the ECHAM4/OPYC3 CGCM to simulate
the MJO. A POP analysis reveals that the general features are well simulated, although
the model suffers from a too short period of 27 days compared to 48 days in the reanalysis
data and an eastward shift of the MJO activity due to the erroneous gap of convection over
the maritime continent. These problems are common to GCMs (Slingo et al., 1996). A
possible reason for the gap is the low horizontal resolution of the model with too much area
in the maritime continent covered by land. This barrier with skin temperatures of more
than 1 K below the surrounding sea stops the continuous moisture supply and is therefore
responsible for the splitting of the super cloud cluster over the maritime continent, as will
be shown in a forthcoming paper. The too strong convection over the South American
rainforest in the model seems to reinforce the simulated MJO, which is indicated by the

secondary maximum in 200hPa velocity potential anomaly.

In both data sets the strongest MJO events occur prior to a La Nina. This is probably due
to the increased convective activity over the eastern Indian Ocean and the West Pacific
warm pool. During the mature phase of La Nina during northern summer the I'TCZ
is shifted north of the equator, so that the deep convection occurs too far north of the
equator to initiate equatorial Kelvin waves. Therefore the MJO activity decreases. The
interannual variability is present in the model, but the main activity occurs too late in

the year in spring and summer instead of winter and spring as observed.

A case study provides a lot of insight into the structure of the MJO, although it has to
be kept in mind that this insight cannot be transfered to other MJO events. Averaging
over many MJOs, however, might lead to deficient evidences when local disturbances are
considered. The case study clarifies that the strong updrafts associated with the deep
convection in the eastern hemisphere force the MJO. Convection and upper troposphere
zonal wind field are in phase at this stage of the MJO. SST and convergence in the
boundary layer lead this phase.

The coupled model is partially capable of representing the slight eastward shift of the low-
level velocity potential anomaly, but the model convection does not allow the frictional
wave-CISK mechanism to develop. This frictional wave-CISK mechanism is distinguished
from classical wave-CISK, which is well represented in the model but gives preference to
the long zonal waves (Salby et al., 1994). Another deficiency of the convection scheme is its
inability to represent the trimodal vertical structure of cloud cover in the tropics. It does
not support deep convection and mid-level convection at the same time at one horizontal
grid point. Low- and mid-level convection is necessary to moisten the atmosphere whereas

deep convection dries the atmosphere. Inness et al. (2001) claim that increasing the
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vertical resolution from 19 to 30 layers is sufficient to obtain the trimodal structure of
cloud cover. This improves the representation of the MJO in the Hadley Centre model.
A study with the ECHAM4 AGCM with 39 layers will be presented in a forthcoming
paper. The improvements of increased vertical resolution are pointed out by Tompkins
and Emanuel (2000) for the ECHAM4 one-column model.

The deviation of SST and low-level large-scale convergence to the east and associated
WWBs increase the latent heat flux closly to the west of the convection. They retard
the propagation speed of the MJO in the Indian ocean and the West Pacific warm pool
(Crum and Dunkerton, 1994; Jones and Weare, 1996). The initiated variations of SST
and WWBs lead to an oceanic Kelvin wave (e.g. Zhang, 1997) that might influence the
ENSO phenomenon (e.g. van Oldenborgh, 2000).

5 Conclusion

AGCMs have still many deficiencies in representing the MJO as shown in a model in-
tercomparison by Slingo et al. (1996). Since the MJO is considered to be a coupled
atmosphere-ocean phenomenon, the present study analyzes the occurrence of the MJO in
the ECHAM4/OPYC3 CGCM. Although it has to be pointed out that the CGCM still
reflects many weaknesses of the AGCMs, the interaction with the ocean mixed layer is

well simulated. The SST varies between 0.1 and 0.5 K consistent with observations.

We conclude that an improvement of the parameterization of convection, e.g. the occur-
rence of mid-level convection, which represents the wave-CISK mechanism, is important
for a better simulation of the MJO in GCMs. Other improvements can be gained by
increasing the horizontal and vertical resolution of the GCM until the erroneous large
extent of relative cold land surface at the maritime continent vanishes and the trimodal

vertical structure of cloud cover can be represented, respectively.
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